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Electrospun polymer nanofibers have gained much attention in blood vessel tissue engineering. However, conven-
tional nanofiber materials with the deficiencies of slow endothelialization and thrombosis are not effective in promot-
ing blood vessel tissue repair and regeneration. Herein, biomimetic gelatin (Gt)/polycaprolactone (PCL) composite
nanofibers incorporating a different amount of chondroitin sulfate (CS) were developed via electrospinning technol-
ogy to investigate their effects on antithrombogenicity and endothelial cell affinity. Varying CS concentrations in PG
nanofibers affects fiber morphology and diameter. The CS/Gt/PCL nanofibers have suitable porosity (~80%) and PBS
solution absorption (up to 650%). The introduction of CS in Gt/PCL nanofibers greatly enhances their anticoagulant
properties, prolongs their coagulation time, and facilitates cell responses. Particularly, 10%CS/Gt/PCL nanofibers
display favorable cell attachment, elongation, and proliferation. Thus, the Gt/PCL nanofibers containing a certain
amount of CS could be excellent candidates as a promising tissue-engineering scaffold in blood vessel repair and
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Introduction

The development of nanofibrous materials have elicited
much attention as biomimetic scaffolds in tissue repair
and regeneration owing to their unique (bio)physico-
chemical features, including their extracellular matrix
(ECM)-like ultrafine fiber structure, excellent mechanical
properties, large specific surface area, and high porosity
with interconnectivity [1, 2]. It has been demonstrated
that nanofibrous structures play a key role in mediating
cellular responses, such as cell adhesion, morphology
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(e.g., spreading, alignment, elongation, etc.), arrange-
ment, migration, proliferation, phenotype, and differ-
entiation via contact guidance [3-5]. While numerous
nano-fabrication strategies (e.g., nanoskiving, template
synthesis, phase separation, etc.) have provided an avail-
able technology to fabricate nanofibrous materials,
electrospinning is one of the most effective methods to
fabricate nanofibers from different materials (metals,
ceramic, polymer, composite materials, etc.) on an indus-
trial scale [6-8].

In addition to (bio)physical signals, the selection of
suitable biomaterials can significantly affect cell activi-
ties as well as tissue repair and regeneration [9]. Some
key features, such as biocompatibility, bioresorbability,
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mechanical properties, and bio-function, should be
considered [9, 10]. Compared to natural/natural and
synthetic/synthetic composites, composite nanofiber
materials consisting of natural and synthetic polymers
have received more attention owing to the combination
of the excellent biological features of natural polymers
and the mechanical strength of synthetic polymers [9].
Among them, the gelatin (Gt)/polycaprolactone (PCL)
combination is one of the most representatively inves-
tigated natural-synthetic hybrid systems and is widely
used in blood vascular tissue engineering [11-14].
However, Gt/PCL composite nanofibers still have some
limitations, such as slow endothelialization, and throm-
bosis. Recently, chondroitin sulfate (CS) is a sulfated
polysaccharide containing glycosaminoglycan and galac-
tosamine, which has been demonstrated to possess high
adhesion to endothelial cells (ECs), weak interaction to
proteins and platelets, as well as electrostatic repulsion of
negatively charged blood components [15-17]. In addi-
tion, CS could inhibit cellular apoptosis and facilitate the
healing of vascular wounds [18, 19]. Therefore, Gt/PCL
(PQ) electrospun nanofibers incorporating CS would be
excellent candidates as a bio-instructive tissue-engineer-
ing scaffold for blood vascular repair and regeneration.

In the present work, biomimetic PG composite
nanofibers containing different CS ratios were devel-
oped via one-step electrospinning. The morphology,
chemical feature porosity, and degradation and of CS/PG
composite nanofibers were detected by different char-
acterization techniques. The anticoagulant of PG/CS
composite nanofibers was evaluated. Further, these com-
posite nanofibers with different CS ratios were seeded
with human aortic endothelial cells (HAECs) to investi-
gate their effects on cellular responses.

Materials and Methods

Materials

CS (bovine trachea, type A, purity: 95%) was supplied
by Shanghai Macklin Biochemical Technology Co., Ltd.
(China). PCL was obtained from Aladdin Biochemi-
cal Polytron Technologies Inc. (China). Gt (bovine skin,
type B) were obtained from Sigma-Aldrich Biochemi-
cal Technology Co., Ltd., (China). The activated partial
thromboplastin time (APTT) kit was purchased from
Leigen Biotechnology Co., Ltd (China). Acetic acid
(purity: 99.5%) was purchased from Sinopharm Chemical
Reagent Co., Ltd. (China). The human aortic endothelial
cells (HAECs) were obtained from the affiliated hospital
of Qingdao University (China). Culture medium Dul-
becco’s Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F-12), fetal bovine serum (FBS), 0.25% trypsin—
EDTA were purchased from Biological Industries (Israel).
All reagents were purchased from Sigma Aldrich (China)
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unless otherwise noted. The water used in all experi-
ments was deionized.

Electrospinning of Nanofibers

PCL (10% w/v) was dissolved in acetic acid under
mechanic stirring at room temperature for 4 h. Gt (10%
w/v) was dissolved in 90% acetic acid with constant stir-
ring for 2 h. CS in different concentrations was added
into the Gt solution and stirred gently at room tempera-
ture for 1 h to obtain the homogenous solutions contain-
ing 5, 10, and 15 wt.% CS relative to the total polymer
concentration. Then, PG solution was prepared by mix-
ing two above solutions in a weight ratio of 50/50 (w/w)
under stirring for 2 h, named as 5%CS@PG, 10%CS@PG,
and 15%CS@PG.

The prepared homogenous solutions were subjected
to the electrospinning process, equipped with a 1 mL
syringe with 21 G needle and a collector covered by alu-
minum foil. In this study, the distance between the col-
lector plate and the needle tip was fixed at around 18 c¢m,
the voltage was set at 23 kV, and the polymeric solutions
were pumped out at a rate of 1 mL/h. All solutions were
electrospun in an electrospinning instrument (Technol-
ogy, Tk602TH, China) at room temperature and carefully
controlled humidity (<40%). Prior to any further experi-
ments, the samples were put in a vacuum drying oven for
72 h at least to remove any remaining solvent.

Scanning Electron Microscopy (SEM) and Transmission
Electron Microscope (TEM)
The morphology of CS@PG nanofibrous scaffolds was
investigated by an SEM (VEGAS, TESCAN, Czech) at an
acceleration voltage of 20 kV at room temperature. The
diameter of nanofibers (n=100) was further measured
from SEM images using image analysis software (Image
J).

The TEM observations and energy-dispersive X-ray
spectroscopy (EDS) analyses were carried out using a
JEOL JEM-2100 plus (Japan).

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was carried out by a Nicolet iN10 FTIR spectrom-
eter (Thermo Fisher Scientific, Waltham, MA, USA) to
evaluate the characteristic functional groups of CS, PG
nanofiber, and CS@PG nanofibers. The spectra of sam-
ples were recorded with the transmission mode over a
wavelength range of 4000500 cm™! with a resolution of
2cm™

Porosity and the Absorption of Phosphate-Buffered Saline
(PBS) Solution

The porosity of nanofibers was carried out using the
liquid displacement method. Firstly, the dry weight of
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nanofibers was weighed as W,. Then, four groups of
nanofibers were immersed in ethanol for 2 h at 25 °C and
weighted as W,. The ethanol on the sample surface was
removed by filter paper, and the weights of samples were
then noted as W. The porosity of the nanofibers was cal-
culated by the following formula:

Porosity(%) = (W3 — W1) /(W3 — Wa) x 100

For the PBS solution absorption test, the obtained
nanofibers were weighed in a dry state and recorded as
Wd. Then, the nanofibers were soaked in PBS for 24 h at
25 °C and the weight at wet state was recorded as Ww
after removing the excess liquid on the sample surface.
The swelling ratio can be measured by the following
equation:

PBS absorption(%) = (Wyw — Wq)/ W4 x 100

All the values in the above experiments are expressed
as the mean+SD (n=3).

In Vitro Degradability Behavior

To determine the obtained nanofibers’ resistance to
lysozyme, the degradability of the samples was measured
at a scheduled time (1, 4, 7, 10, and 14 days). The initial
weight of the nanofibers was recorded as W;. Then, the
samples were immersed in PBS solution (pH 7.4) con-
taining lysozyme (500 pug/mL) and incubated in vitro in
37 °C. At the predetermined degradation intervals, each
group of samples was removed and washed by deionized
water, and freeze-dried to obtain the final weight (W}).
The lysozyme solution was changed three times a week.
The mass remaining (%) of the nanofibrous scaffolds was
estimated as defined in the following formula:

L. w; — Wf
Mass remaining(%) = | 1 — x 100%
i
To evaluate the degradation behavior of the sample

after 7 days, the morphology of nanofibers was observed
by SEM.

Blood Compatibility Analysis

Coagulation Times

Activated partial thromboplastin time (APTT) was used
to assess the activity of intrinsic and common pathways
of coagulation through testing the clotting times of plate-
let-poor plasma (PPP) after incubation with electrospun
nanofibers on coverslips. For this, anticoagulated blood
(approximately 10 mL) was collected and centrifuged
at 3000 rpm for 20 min to obtain platelet-poor plasma
(PPP). Each sample was incubated with 200 pL of PPP for
10 min at 37 °C and analyzed using APTT kit following
the manufacture’s instruction (7= 3).
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Hemolysis Testing

The hemolysis rate was evaluated by measuring the con-
centration of hemoglobin released into the solution phase
from erythrocytes in diluted whole blood exposed to the
electrospun nanofibers. The samples on coverslips were
individually placed into 24-well plates and immersed
in 2 mL PBS at 37 °C for 30 min. The negative control
groups contained only 2 mL of PBS, while positive con-
trol groups were comprised of 2 mL deionized water for
the aim of inducing maximal lysis of erythrocytes (n=3
for each testing group). Then, 40 uL of aforementioned
anticoagulated fresh whole blood was added into each
well and incubated for 60 min at 37 °C, after which the
suspensions were removed into centrifuge tubes and
centrifuged at 100x g for 5 min. The supernatants were
subjected to measure the absorbance at 570 nm using a
microplate reader (SynergyH1/H1M, BioTek, China).

Thrombogenicity

The thrombogenic potential was evaluated in vitro after
incubation of electrospun samples with the platelet-
rich plasma (PRP). PRP was prepared by centrifugation
(1500 rpm, 20 min) and the upper one-half of plasma was
discarded. Then, the nanofibers on coverslips were incu-
bated in 100 pL of PRP at 37 °C for 2 h and gently rinsed
with PBS three times for subsequent experiments. To
evaluate the platelet activity after being incubated with
PRP, electrospun nanofibers were kept in the DMEM
supplemented with 10% FBS for 2 h and 24 h, and then
a CCK-8 assay kit was utilized to measure thrombocyte
viability on the nanofibers. CCK-8 (20 uL) was added to
200 pL of serum-free DMEM medium in 24-well plates
and incubated for 1 h. Finally, suspensions were meas-
ured by a microplate reader at a wavelength of 450 nm.

Cell Culture and Cell Viability

Human aortic endothelial cells (HAECs) were cultured in
DMEM supplemented with FBS (10%, v/v), and strepto-
mycin/penicillin (1%, v/v) in an atmosphere of 37 °C and
5% CO,. The culture medium was replaced three times a
week. The cells were generally isolated by 0.05% trypsin/
EDTA for 3 min, centrifuged at 1000 rpm, and suspended
in the fresh medium to carry out cell passage or cell
seeding.

Prior to cell seeding, all the nanofibrous materials in
a 24-well plate were sterilized under UV irradiation for
1 h and immersed in 75% ethanol (v/v, %) for 1 h. Then,
the nanofibers were rinsed four times with PBS solution
and soaked in DMEM for 12 h in CO, incubator. The
cells were seeded at a density of 1 x 10* cells per well on
nanofibers and the medium was replaced every day. After
co-cultured 24 h, cells were washed by PBS solution three
times and then stained with a Calcein-AM/PI Double
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stain Kit (YEASEN Biochemical Technology Co., Ltd.,
Shanghai, China). PI was used to stain dead cells and Cal-
cein-AM stained for living cells.

Cell Morphology on the Nanofibers

To observe the cell adhesion on the nanofibers, the mor-
phology of the cells was observed after co-cultured 24 h
by Fluorescence Microscope (Nikon Al MP, Japan).
Firstly, the cells were fixed with 4% paraformaldehyde at
room temperature for 30 min. Then, 0.5% Triton X-100
solution was used for 5 min to permeabilize the cell
membrane. Finally, 4'6-diamidino-2-phenylindole (DAPI)
was used to stained cell nuclei and rhodamine-phalloidin
was used to stain the F-actin. Quantitative analysis (cell
density, single-cell area, cell elongation) was further per-
formed with Image J.

Cell Proliferation
Cell proliferation activity on the composite nanofibers
was carried out with a CCK-8 Assay Kit. The HAECs
were seeded on nanofibers at a density of 8 x 10° cells/
well. The culture medium was changed every two days.
After 1, 4, 7 days of co-culturing, the cells were washed
by PBS solution to remove non-adherent cells. Then, 20
puL CCK-8 and the complete medium at a volume ratio
of 1: 10 was added into the 24-well plate for 1 h at the
incubator. The absorbance was tested by Elisa Reader at
450 nm.

Cell staining with DAPI and rhodamine-phalloidin was
performed with Fluorescence Microscope to observed
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directly the changes of cell counts after co-cultured with
different nanofibers for two days and six days.

Statistical Analysis

All samples in the experiments were processed in tripli-
cate. All data are represented as means =+ standard devia-
tions (SD). Statistical analysis of samples was determined
by one-way analysis variance (ANOVA) to compare dif-
ferences with significance assigned at p <0.05.

Result and Discussion

Preparation and Characterization of CS@PG Nanofibers
Figure 1 displayed the schematic diagram of the electro-
spinning process for CS@PG nanofibrous scaffolds and
in vitro evaluation of anticoagulation and cytocompat-
ibility. To develop engineered vascular tissue scaffolds for
promoting the proliferation of endothelial cells, different
ratios of CS (5, 10, and 15 wt%) were incorporated into
PG (10%, v/v) solutions to fabricated composite nanofib-
ers via electrospinning process.

SEM was performed to observe the structure of CS@
PG electrospun nanofibers. As shown in Fig. 2, the SEM
images of PG, 5%CS@PG, 10%CS@PG, 15%CS@PG
nanofibers exhibited the dense fibrous architecture, con-
taining continuous, smooth, and nano-scaled fibers by
electrospinning technique. The PG nanofibers (Fig. 2a)
displayed many irregular beads on nanofibers through
the process of electrospinning, having an average diam-
eter of 406.01+146.28 nm. It might be explained that
10% w/v of electrospun solution exhibited low viscosity,

Electrospinning —

Fig. 1 Schematic illustration of the fabrication of nanofibers and in vitro evaluation
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resulting in the formation of inhomogeneous nanofib-
ers containing beads [20]. With increasing the amount of
CS in the polymeric solution from 5 to 10% wt., homog-
enous nanofibers without any beads could be achieved
due to the increased solution viscosity (Fig. 2b, c). Cor-
respondingly, 5%CS@PG, and 10%CS@PG showed a
smaller average diameter of 382.35+152.99 nm and
300.29£100.85 nm, respectively. This outcome is pri-
marily because the increase of CS content correspond-
ingly enhanced the conductivity of electrospinning
solution [20]. However, when the polymer concentration
was up to 15%, the viscosity of the polymer solution is
too high to be stretched in the electric field. At the same
flow rate of 1 mL/h as the previous groups, we observed
that under the applied voltage of 23 kV, the needle tip
obstruction phenomenon appeared and the Taylor cone
could not be observed. Hence, the flow rate of the elec-
trospun solution and the applied voltage were adjusted
to 0.9 mL/h and 20 kV, respectively. The 15%CS@PG
nanofibers were successfully produced with an average
diameter of 266.92 4 105.43 nm.

As depicted in Fig. 3a, it was found that CS was uni-
formly distributed in the 5%CS@PG and 10%CS@PG
nanofibers. However, CS aggregation was detected in the
15%CS@PG fibers. As indicated in Fig. 3b, EDX elemen-
tal analysis was performed to detect the sulfur content of
prepared fibers. As expected, the sulfur content increased
with an increased concentration of CS in obtained fibers.

FTIR Spectra Analysis

FTIR spectra analysis was carried out to determine the
characteristic absorption peaks of the chemical group of
prepared nanofibrous scaffolds. The FTIR spectrum of

PG and CS were considered as the control group to com-
pare with CS@PG nanofiber groups. In PG spectrum,
strong absorption bands that appeared at 3300 cm™*
and 2935 cm™! can be attributed to the -NH, and ~OH
stretching vibration, and CH, asymmetrical stretch-
ing, respectively. Several characteristic absorption peaks
were appeared at 1652 cm ™! (amide I) for C=0 stretch-
ing vibration, 1542 cm™' (amide II) for N-H bending
vibration, 1441 cm™! for CH, stretching, and 1267 cm™!
(amide III) for C-N stretching vibration [21, 22]. The CS
spectrum performed characteristic absorption band at
1245 cm™}, representing the S=O stretching vibration in
negatively charged SO,*~ [23, 24].

As shown in Fig. 4, the FTIR spectra of 5%CS@PG,
10%CS@PG, and 15%CS@PG nanofibers showed char-
acteristic peaks of PCL, Gt, and CS together. Compared
with the spectra of PG group, CS@PG groups showed the
characteristic band of CS at 1245 cm ™!, and the intensity
of CS band increased by the presence of CS in nanofibers.
This finding confirmed the presence of varying contents
of CS in the CS@PG electrospun nanofibers.

Porosity, Swelling Ratio, and Degradability of Nanofibers

The high porosity of the fiber indicates that the material
has excellent interconnectivity, which is conducive to
the diffusion of oxygen and nutrients into the pores and
promote cell infiltration [25, 26]. Figure 5a displayed the
porosity of nanofibrous films. The porosity of obtained
nanofibers containing different CS ratios was approxi-
mately up to 80%. The high porous architecture obtained
by electrospun nanofibers can mimic the natural ECM,
thus providing a favorable 3D microenvironment for
cells [27]. It has been reported that scaffolds in tissue
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engineering with a porosity up to 80% was beneficial to
the transportation of nutrients and metabolites.

The PBS absorption ratio of the CS@PG nanofi-
brous scaffolds was compared to evaluate the effect
of CS on the PBS uptake of the films. As indicated in
Fig. 5b, the PBS absorption ratio of the PG scaffold was

586.34+49.44%, and the 5%CS@PG and 10%CS@PG
nanofibers were 492.86 £21.99% and 510.04 £ 69.55%,
respectively. The PBS absorption ratio of 15%CS@PG
groups (665.07 +59.81%) was significantly higher than
that of 5% CS@PG and 10%CS@PG. This result indi-
cated that the increased content of CS in the composite
nanofibers could improve the PBS uptake property of
the films, which could be due to the high hydrophilic-
ity in CS molecules containing hydrophilic groups (car-
boxyl and hydroxyl) [28].

The data of in vitro degradability experiment was
depicted in Fig. 5¢c, and it was found that with the
increase of CS ratio, the degradation rate of CS@PG
nanofibrous scaffolds was also increased. This might
be attributed the presence of SO,>~ groups [29]. As
demonstrated in Fig. 5c, the degradation rate of most
scaffolds began to increase after 7 days, and the degra-
dation results at day 14 were 8.45%, 11.39%, 13.97%, and
15.10% for PG, 5% CS@PG, 10%CS@PG, and 15%CS@
PG nanofibrous scaffolds, respectively. The SEM images
of nanofibrous scaffolds (Fig. 5d) showed slight swelling
after immersing in PBS solution for 7 days. The SEM
images indicate that the developed nanofibers were sta-
ble enough to avoid serious degradation and expansion
for up to 7 days, thus affecting cell response in vivo or
in vitro.
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Hemocompatibility Evaluation

APTT is a simple and reliable method for detecting the
blood or plasma via the intrinsic coagulation mecha-
nism. APTT was tested to measure the influence of the
electrospun nanofibers on the possible delay of blood
coagulation. Clotting time detected by APTT displayed
a statistically significant decrease of coagulation times
between control PG and 5%CS@PG and 10%CS@PG
nanofibers. In contrast, prolonged APTT was found after

incubation of 15%CS@PG nanofibers with PPP, indicat-
ing its improved anticoagulant feature. As presented in
Fig. 6a, the impact of blood coagulation was depend-
ent on the diameter of nanofiber samples. The lowest
APTT coagulation time was found after interaction with
5%CS@PG nanofibrous and the highest APTT with elec-
trospun 10%CS@PG, similarly to the degree of hemolysis.
The coagulation time was prolonged with the increase of
CS ratio.
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Fig. 6 a APTT of CS@PG nanofibers. b Hemolysis rate of the samples. ¢ Platelet metabolic activity on the nanofibers. n=3, *p <0.05
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According to the ASTM F756-00 (2000), the hemol-
ysis rate of the biomaterials is required to be<5%
[30]. The degree of hemolysis in this study was per-
formed using a colorimetric assay of released hemo-
globin from erythrocytes and can be caculated by
the equation: Hemolysis (%)=(ODy,,, — OD,,)/
(OD,,s—OD,,) x 100%. As indicated in Fig. 6b, all
samples were non-hemolytic and did not result in any
marked hemolysis (hemolysis rate is less than 5%).

The data of platelet viability experiment are shown
in Fig. 6¢c. After 2 h, the metabolic activity of attached
thrombocytes was the highest with maximal values
reached after interaction of PRP with nanofibers, par-
ticularly PG nanofibers. Interestingly, after 24 h, the
platelet activity reduced in all samples. This result
could be due to the rapid thrombocyte activation by
the structure of nanofibers, resulting in fast consump-
tion and releasing of growth factors compared to stable
and long-term platelet activation upon contact with the
smooth surface [31]. The normal life span of thrombo-
cytes is approximately 8—10 days, and it will be short-
ened as platelets start to activate.
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Live/Dead Cell Staining

The influence of CS on the cytocompatibility of the
nanofibers was explored by cell viability, adhesive mor-
phology, and proliferation of HAECs evaluation onto
nanofibers for 6 days. The attached cells were assessed
using the Calcein-AM/PI double stain kit, DAPI staining,
and CCK-8 assay kit.

Figure 7a—e showed the fluorescence images of live and
dead HAECs attached to the different nanofibers. Cal-
cein-AM (green) and PI (red) were used to staining the
live cells and dead cells, respectively. It could be observed
that live cells were adhered on the CS@PG composite
nanofibers, indicated that the nanofibers containing dif-
ferent ratios of CS had no toxicity to HAECs. Further
quantitative analysis of the live/dead cell number on the
nanofibers was examined by Image J (Fig. 7f). Compared
with the proportion of live and dead cells on PG nanofib-
ers, the other three groups of PG containing different CS
ratios, especially 10%CS@PG and 15%CS@PG groups
exhibited a larger percentage of living cells, and the per-
centage was increased with the increase of CS concentra-
tion. This outcome showed that the presence of CS in the
nanofibers was advantageous to maintaining cell viability
[32].

of Live/Dead cell numbers of different nanofibrous scaffolds, n=3

I Dead cells I Living cells

e
S

=
n

Live/Dead cells (%)

I~
n
1

Blank PG 5%CS@PG 10%CS@PG 15%CS@PG

Fig. 7 Cell viability of HAECs on the CS@PG scaffolds. a Tissue culture plate (TCP), b PG, ¢ 5%CS@PG, d 10%CS@PG, e15%CS@PG, f The percentage
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Cell Adhesion Behavior on Nanofibers

Nanofibrous scaffolds with good biocompatibility are
considered to be the primary requirement for the gen-
eration of blood vessels. PCL with good biodegradabil-
ity and natural Gt with excellent biocompatibility were
widely used in tissue engineering with different struc-
tures, including hydrogels, electrospun nanofibers, and
three-dimensional scaffolds [21, 33, 34]. The morphology
of HAECs on the composite nanofibers and cell-mate-
rials interaction at 24 h was observed by fluorescence
microscope. The cell density 10%CS@PG and 15%CS@
PG was statistically significant than PG and 5%CS@PG,
indicated that the addition of CS at a higher level pro-
motes cell adhesion. As shown in Fig. 8c, the single-cell
area of 5%CS@PG and 15%CS@PG was larger than the
other groups of nanofibers. However, the cell elongation
of 10%CS@PG was significantly higher than PG, 5%CS@
PG, and 15%CS@PG (Fig. 8d). This outcome might
be explained that the addition of CS at 10% concentra-
tion can facilitate the spreading of HAECs. It was found
that the HAECs could adhere, spread, and grow well on
the composite nanofibers, especially 10%CS@PG and
15%CS@PG. Thus, these two nanofiber materials can be
considered as a safe and promising candidate vascular
material in clinical application.

Cell Proliferation

Cell growth and viability on CS@PG nanofibers were
investigated in vitro by fluorescence microscope and
CCK-8 test (Fig. 9a—c). The electrospun PG scaffold was
selected as the positive control. The results of the CCK-8
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assay for different nanofibrous films are displayed in
Fig. 9c. In 2, 4, 6 days of cells culturing, the cell number
increased with the culture time for all groups. On day 6,
the OD value of 10%CS@PG nanofibers was significantly
higher than that of the PG scaffold. The cell proliferation
comparison of 5%CS@PG, 10%CS@PG, and 15%CS@PG
indicated that the cell proliferation rate was increased
as the CS presence in composite nanofibers in a certain
range. However, the cell proliferation capability was also
influenced by the surface morphology of nanofibrous
materials. Since the 15%CS@PG nanofiber exhibited
strong viscosity due to the higher CS ratio in electro-
spinning polymeric solution, cell proliferation might be
affected.

Conclusions

In summary, biomimetic CS@PG composite nanofibers
were successfully fabricated using electrospinning tech-
nology. Changed fiber morphology and diameter were
obtained by varying CS concentrations in PG nanofibers.
The CS@PG nanofibers possessed appropriate poros-
ity (~80%) and PBS solution absorption (up to 650%).
The incorporation of CS in PG nanofibers significantly
improved their anticoagulant properties, prolonged their
coagulation time, and enhanced cellular responses. Par-
ticularly, 10%CS@PG nanofibers exhibited favorable
cell adhesion, elongation, and proliferation. Therefore,
the PG composite nanofibers incorporated with a cer-
tain amount of CS inhibited antithrombogenicity and
enhanced endothelial cell responses, which could be
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developed as a promising tissue-engineering scaffold
blood vessel repair and regeneration.
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